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SECTION  1 


INTRODUCTION 


In  the  construction  of  inertial  instruments,  the  purely 
structural  requirements,  with  respect  to  strength,  stiffness,  and  creep, 
can  be  met  for  most  purposes  through  the  use  of  instrument-grade 
beryllium.  The  mating  surfaces  of  the  gas  bearings  of  these  instruments 
demand  higher  hardness  and  greater  wear  resistance  than  beryllium 
offers.  A  variety  of  combinations  of  materials  and  processes  consisting 
of  solid  ceramics  and  arc-plasma  sprayed  or  sputter-deposited  ceramics 
on  beryllium  surfaces  have  been  used.  None  of  these  was  found  to  be 
completely  satisfactory  either  because  of  thermal  expansion  and 
conductivity  mismatch  or  because  of  poor  adhesion  and  existence  of 
porosity. 

The  material  of  choice  in  the  fabrication  of  structural  members 
for  state-of-the-art  inertial  instruments  is  beryllium,  primarily 
because  of  properties  such  as  high  values  of  stiffness,  thermal 
conductivity,  and  the  strength-to-density  ratio  that  it  possesses. 
Unfortunately,  gas  bearings  used  in  such  instruments  require 
substantially  greater  hardness  and  wear  resistance  at  the  mating 
surfaces  than  oeryllium  offers. 

Gas  bearings  initially  built  at  The  Charles  Stark  Draper 
Laboratory,  Inc.  (CSDL)  involved  fabricating  entire  bearings  out  of 
solid  pieces  of  ceramic.  These  ceramics  were  typically  produced  by 
sintering  and  hot  pressing  techniques.  Difficulties  were  encountered  in 
machining  these  materials,  making  the  process  expensive  and  time 
consuming.  An  additional  disadvantage  in  the  use  of  ceramics  for  this 
purpose  was  the  physical  incompatibility  of  the  resultant  gas  bearings 
with  the  other  structural  members  of  the  gyro.  Differences  in  thermal 
expansion  characteristics  and  low  values  of  thermal  conductivity  of 
these  materials  result  in  undesirable  strains  and  temperature  variations 
in  the  assembly.  This  leads  to  a  variety  of  instrument  instabilities 
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that  adversely  affect  the  accuracy  and  reliability  of  the  several 
inertial  components.  The  high  cost  in  money  and  time,  in  addition  to 
the  problems  stemming  from  low  values  of  thermal  expansion  and  thermal 
conductivity  for  ceramics,  caused  this  option  to  be  discarded. 

The  subsequent  rationale  developed  to  resolve  the  discrepancies 
envisioned  the  use  of  two  different  materials,  since  no  single  material 
was  known  to  meet  all  demands.  One  material  (beryllium)  was  to  form  the 
structural  member  and  satisfy  bulk  property  requirements.  The  other  was 
to  be  deposited  as  a  coating  to  yield  a  low-friction,  wear-resistant 
surface  for  the  gas  bearing.  Operational  and  processing  problems  have, 
nevertheless,  persisted  even  with  the  approaches  that  resulted  from  this 
rationale  and  a  better  materials  system  is  needed.  The  present  task 
addresses  this  latter  requirement  through  research  efforts  on  new 
materials  and  processes  for  gyroscope  gas  bearings. 

1.1  Property  Requirements 

The  property  requirements  of  the  coatings  formed  on  gas  bearing 
surfaces  are  summarised  as  follows: 

(1)  High  resistance  to  wear  from  sliding,  erosion,  and  impact, 
for  extended  bearing  life  and  stable  performance 

(2)  Low  coefficient  of  friction  for  minimum  starting  torque 

(3)  Zero  surface  porosity,  for  maximum  gas  bearing  stiffness  and 
minimum  contamination  entrapment 

These  property  requirements  necessitate  the  selection  of  ceramic- 
type  compositions  for  coating  fabrication.  Two  methods  of  applying  such 
coatings  that  have  received  attention  in  this  area  are  plasma-spraying 
and  sputtering,  the  former  enjoying  the  wider  use  in  production.  With 
plasma  spraying  it  is  easy  to  apply  coatings  which  are  several 
thousandths  of  an  inch  thick,  while  the  thicknesses  of  sputtered  films 
are  generally  less  than  that  by  about  two  orders  of  magnitude.  Examples 


2 


of  the  use  of  these  processes  are  the  plamsa- sprayed  chromium  oxide  and 
alumimsn  oxide  coatings  now  in  use  in  several  instrument  designs  and  the 
sputter-deposited  tungsten  carbide  and  titanium  carbide  coatings  that 
have  been  subjects  of  some  past  development  activity. 

1.2  Limitations  of  Present  Technologies 


The  one  feature  common  to  both  sprayed  and  sputtered  coatings  is 
the  difference  in  physical  properties  between  the  coating  and  the 
substrate.  While  this  may  be  somewhat  tolerable  in  thin  films  produced 
by  sputtering,  thicker  films  made  by  spraying  are  susceptible  to  failure 
from  the  imperfect  match  of  expansion  coefficients  at  the  coating- 
substrate  interface.  To  reduce  stresses  that  result  from  differences  in 
expansion  coefficients,  spraying  is  generally  conducted  at  lower  spray 
temperatures.  However,  this  adversely  affects  interparticle  cohesive 
strength,  which  results  in  pull-outs  during  polishing  and  lapping 
operations,  and  generation  of  wear  debris  in  active  service.  The 
clearance  between  the  mating  parts  of  a  gas  bearing  is  only  about 
50  microinches  so  that  even  the  mildest  form  of  wear  (mildest  by 
conventional  standards)  can  prove  to  be  catastrophic  in  gas  bearing 
applications. 

A  more  severe  problem  that  has  been  found  in  sprayed  deposits  is 
the  presence  of  interconnecting  porous  structures  in  the  coating.  The 
effect  of  this  interconnected  porosity  is  to  provide  a  shunt  path  for 
gas  flow  such  that  the  hydrodynamic  pressure  rise  is  attenuated  from 
that  attainable  with  a  nonporous  coating. This,  in  turn,  causes  a 
lower  load  capacity  and  stiffness  for  the  gas  bearing.  In  addition  to 
this  most  severe  effect,  the  porosity  at  the  surface  also  results  in 
effectively  increasing  the  bearing  gap  beyond  the  physical  (design) 
clearance. 

The  adhesion  of  the  coating  to  the  substrate  is  an  important 
consideration  in  wear  performance.  The  forces  that  give  rise  to 
adhesion  in  films  made  from  both  these  processes  can  be  both  mechanical 
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and  chemical  in  nature.  The  adhesion  observed  for  deposits  fabricated 
using  the  arc-plasma  technology  is  generally  found  to  be  influenced  by 
mechanical  interlocking  of  the  film  on  the  external  features  of  a 
substrate. 

In  chemically  compatible  coating-substrate  systems,  the  adhesion 
strength  can  be  increased  by  depositing  films  at  elevated  temperatures. 
Elevated  temperature  deposition  is  preferable  to  post-deposition  heat 
treatment  since  ceramic  materials  generally  behave  well  under  mild 
compressive  loading. 

Poor  adhesion  has  been  the  biggest  problem  with  sputtered  ceramic 
coatings  formed  on  beryllium  substrates . ^ )  Sputter-deposited  films 
have  also  shown  large  deviations  from  stoichiometric  composition  and  the 
presence  of  undesirable  microstructures. 

1.3  Direction  of  the  Present  Work 

The  broad  objective  which  underlies  all  aspects  of  the  present 
effort  is  to  establish  a  hard,  pore-free,  wear  resistant  surface  which 
is  integral  with  the  beryllium  structural  members,  thus  eliminating  the 
adhesion  problems  that  have  been  encountered  in  the  past.  In  the  case- 
hardening  subtask,  this  is  approached  by  treating  a  beryllium  surface 
with  boron  at  elevated  temperatures,  with  which  it  forms  hard  compounds. 
Boron  enrichment  of  the  surface,  in  one  process,  is  accomplished  by 
reactive  diffusion  of  a  freshly  formed  film  of  boron  with  the  underlying 
beryllium.  In  another  part  of  the  work,  boron  ions  are  forced  by  an 
electrical  potential  to  penetrate  into  the  beryllium  surface  by  ion 
implantation,  a  process  which  is  relatively  immune  to  native  oxide 
barriers,  solubilities,  and  diffusion  coefficients. 

In  a  second  subtask  the  desired  hardening  and  wear  resistance  are 
imparted  by  particles  of  a  hard  ceramic  phase  dispersed  within  the 
beryllium  matrix.  Such  a  metal-matrix  composite  is  produced  using 
powder  metallurgy  methods. 
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SECTION  2 


BERYLLIUM -BORON  REACTIVE  DIFFUSION  BY  CVD 


2.1  Background 

The  primary  goal  of  this  subtask  of  the  gas-bearing  materials 
program  was  to  produce  a  wear-resistant,  low-friction,  hard  surface  on 
beryllium  by  reactive  diffusion  with  boron.  A  secondary  objective  of 
the  program  was  to  study  the  relevant  diffusion  kinetics  in  the  Be-B 
system,  in  order  to  be  able  to  exercise  control  on  the  structural  and 
dimensional  characteristics  of  the  coating. 

The  binary  alloy  system  Be-B  contains  a  number  of  intermetallic 

compounds,  of  which  the  compounds  BeBg  and  BeB2  are  reP°rted  to  have 
hardness  values  of  2600  and  3200  KHN,  respectively. t 4* 5 )  Boron  also 
has  a  hardness  value  of  nearly  3000  KHN.  Therefore,  reactive  diffusion 
of  boron  is  an  attractive  means  of  producing  a  metallurgically  bonded 
hard  coating  on  the  beryllium  surface. 

2.2  Progress  Prior  to  This  Report 

Early  attempts  of  bonding  boron,  either  in  powder  or  solid  form, 
by  hot  pressing  on  the  beryllium  surface,  were  unsuccessful.  A  well- 
bonded  interface  between  the  two  elements,  however,  was  formed  when 
solid  boron  was  hot  isostatically  pressed  (HIP)  with  cold  compacted 
beryllium  powder  surrounding  it.  It  was  possible  to  obtain  Be-B 
diffusion  couples  out  of  these  HIP  configurations  by  careful  machining. 
Diffusion  heat  treatments,  however,  produced  unexpected  failures  as  a 
result  of  the  beryllium  physically  separating  from  the  diffusion 
interface.  The  intended  studies  of  diffusion  kinetics  using 
conventional  diffusion  couples  therefore  had  to  be  abandoned. 

In  a  parallel  effort  it  was  determined  that  boron  could  be 
chemically  vapor  deposited  (CVD)  from  a  gaseous  boron  source  on  a  heated 
beryllium  surface,  to  produce  adherent  thin  film  coatings  with  high 


hardness  values*  Of  the  two  gaseous  CVD  systems,  (1)  chemical  reaction 
of  BC13  with  H2<6>  and  (2)  thermal  decomposition  of  diborane  (BjHg),*7* 
the  first  one  was  found  to  be  satisfactory  at  temperatures  of  900*C  and 
higher.  At  lower  temperatures  of  operation,  which  are  more  desirable  for 
beryllium  substrates,  B2Hg  turned  out  to  be  the  superior  system.  Initial 
experiments  were  performed  inside  a  1-1/4-inch-diameter  quartz  tube 
evacuable  to  10  millitorr  pressure  prior  to  the  introduction  of  the  CVD 
gas.  The  samples  were  heated  by  RF  induction  with  a  coil  wrapped  around 
the  quartz  tube  where  the  sample  was  located.  At  CVD  temperatures  of  850° 
to  900°C,  coatings  with  a  maximum  thickness  of  1  pm  were  formed  with  rusty 
pink  color  and  maximum  microhardness  values  of  about  1200  KHN.  As  much 
as  5-ym-thick  steel  gray  color  coatings  with  microhardness  values 
exceeding  2000  KHN  were  subsequently  formed  at  CVD  temperatures  of  700°  to 
800 °C.  At  this  point  it  became  apparent  that  thicker  coatings  of  higher 
microhardness  values  would  require  a  cleaner  CVD  system. 

A  new  CVD  system  was  built,  consisting  of  a  stainless  steel  bell 
jar  equipped  with  high  vacuum  pumping  systems  and  all  stainless  steel 
plumbing.  The  system  was  capable  of  being  baked  out  and  achieving  a  high 
vacuum  of  about  10-7  torr.  A  20-kw  RF  generator  was  acquired  for 
furnishing  the  induction  heating  power  to  the  coil  located  inside  the  bell 
jar,  which  permitted  increasing  the  sample  size  from  1/2-inch-diameter 
discs  to  much  larger  sample  sizes  by  the  use  of  larger  coils.  Present 
capability  is  therefore  adequate  for  producing  CVD  coating  on  actual  gas 
bearing  components.  Initial  experiments  in  this  new  system  were  carried 
out  on  1/2-inch-diameter  samples  using  a  3/4-inch  inner  diameter  (ID)  RF 
coil.  The  CVD  procedure  involved  evacuating  and  baking  out  of  the  system 
at  a  low  temperature  of  100*C,  following  which  the  CVD  was  carried  out 
using  diborane  gas  (99.9%  A  and  0.1%  B2Hg)  at  atmospheric  pressure. 

During  the  CVD  run  the  bell  jar  was  water-cooled  to  prevent  evolution  of 
undesirable  gases  from  the  CVD  chamber  walls.  Well  bonded  coatings,  as 
much  as  10  pm  thick  with  uniform  coverage  of  the  entire  1/2-inch-diameter 
surface,  were  obtained  at  700°  and  800»C.^8^  Microhardness  values 
exceeded  3000  KHN  measured  under  a  25-gram  indentation  load.  The  low- 
temperature  CVD  samples  prepared  in  the  older  CVD  apparatus  had  hardness 


values  of  approximately  1000  KHN  at  the  25-gram  load,  although  at  a  5-  to 
10-gram  load  the  measured  values  were  above  2000  KHN*  The  quality  had 
therefore  improved  substantially. 

Metallography,  electron  diffraction,  and  Auger  analysis  of  these 
latest  samples  suggested  that  the  CVD  coatings  consisted  of  an  amorphous 
outer  layer  of  boron  with  a  layer  of  mixed  beryllium  borides  at  the 
interface.  It  appeared  that  post*<?VD  heat  treatments  were  capable  of 
yielding  limited  information  on  diffusion  kinetics  in  the  Be-B  system. 
However,  the  same  treatments  were  not  likely  to  produce  useful  bearing 
surfaces  with  Be-B  compounds,  because  of  the  mechanical  damage  to  such 
surfaces  as  a  result  of  these  treatments.  If  BeBg  or  BeB2  surfaces  were 
to  be  produced  at  all,  it  appeared  that  it  had  to  happen  during  the  CVD 
process. 

Scaling  up  from  1/2-  to  3/4-inch-diameter  samples,  which  was 
accomplished  by  using  a  1-1 /4-inch-diameter  RF  coil  instead  of  the 
1-inch  diameter  coil,  presented  no  special  problems,  and  indicated  that 
actual  gas  bearing  components  could  be  produced  in  the  present  system. 

The  3/4-inch-diameter  samples  were  used  for  wear  and  friction 
measurements,  using  pin-on-disc  testing.  For  all  these  preliminary 
tests  a  1/8-inch  sapphire  ball  was  used  as  the  pin.  Measured 
coefficients  of  friction  were  all  about  0.4,  which  is  rather  high, 
although  under  the  same  conditions  of  measurement  polished  beryllium 
yielded  a  value  of  0.8.  The  wear  tracks  were  deep  grooves,  but  the  CVD 
coating  appeared  to  be  wear-resistant,  as  evidenced  by  smooth  walls  and 
no  signs  of  plowing  or  pullouts. 

The  CVD  film  thicknesses  were  found  to  be  nonuniform,  the  coating 
being  heavier  at  the  bottom  parts  with  gradual  decrease  of  thickness  to 
the  top.  The  nonuniformity  was  attributed  to  convection  currents  in  the 
CVD  gas  around  the  hot  beryllium  sample  during  the  deposition  process. 


7 


2.3  Progress  during  the  Reporting  Period 

The  experimental  investigations  were  performed  in  the  following 

areas : 


(1)  Uniform  film  thickness 

(2)  CVD  gas  composition  studies 

(a)  Wear  and  friction  tests 

(b)  Auger  analysis 

(c)  Fabrication  of  gas  bearing  parts 

(d)  Personnel  safety  evaluation 

2.3.1  Uniform  Film  Thickness 

In  last  year's  annual  report^®)  the  lack  of  uniformity  of  the  CVD 
boron  coatings  on  the  beryllium  surface  was  clearly  demonstrated  during 
the  preliminary  wear  and  friction  testing  of  the  samples.  The  disc¬ 
shaped  samples  were  held  stationary  during  the  CVD  in  a  vertical  plane, 
perpendicular  to  the  direction  of  gas  flow.  It  was  found  that  the  CVD 
films  were  heavy  at  the  bottom  and  thin  at  the  top.  The  nonuniformity 
was  believed  to  have  been  caused  by  the  convection  currents  of  the  CVD 
gas  around  the  hot  beryllium  disc.  As  a  result  of  the  nonuniformity, 
the  grooves  or  wear  tracks  were  from  three  to  six  times  wider  and  two  to 
four  times  deeper  in  the  thin  regions  as  compared  to  the  thick  areas. 
There  was,  therefore,  a  need  to  modify  the  operation  to  produce  coatings 
of  uniform  thickness  over  the  entire  surface. 

Since  the  bottom  parts  of  the  disc  had  the  heaviest  coatings  and 
the  thickness  gradually  decreased  going  towards  the  top,  it  appeared 
that  the  uniformity  of  the  film  thickness  could  be  accomplished  by 
rotating  the  disc  about  its  axis  during  the  deposition.  A  rotational 
fixture  was  procured  commercially.  The  fixture  provided  a  1/4-inch 
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rotating  atainlaaa  steal  shaft  on  one  end,  which  was  located  inside  the 
CVD  bell  jar.  The  other  end  of  the  fixture  had  a  similar  shaft  which 
remained  outside  the  bell  jar.  The  outside  shaft  was  rotated  by  a  low- 
r/min  motor  and  the  rotational  motion  was  transmitted  to  the  inside  shaft 
through  a  bellows  connection.  The  fixture  was  mounted  on  a  stainless  steel 
flange  which  was  then  connected  to  the  bell  jar  on  a  matching  flange  using 
an  O-ring  seal.  These  mountings  were  so  located  that  the  inner  shaft 
pointed  to  the  axis  of  the  RF  coil  inside  the  bell  jar,  with  some  lateral 
adjustments  for  centering  the  specimens.  The  beryllium  disc  was  attached 
to  the  rotating  shaft  by  extensions  made  from  a  machinable  glass  (Macor) 
and  a  further  stainless  steel  threaded  extension.  The  latter  arrangement 
prevented  excessive  thermal  conduction  to  the  bellows.  It  was  possible  to 
locate  the  beryllium  disc  sample  concentric  with  the  RF  coil  and  at  the 
mid-plane  between  the  two  ends  of  the  coil.  A  10-r/min  motor  capable  of 
producing  30-in-oz  torque  provided  the  desired  rotation  to  the  outer  shaft 
of  the  fixture. 

Since  the  installation  of  the  rotational  mechanism,  a  large  number 
of  beryllium  disc  samples  have  been  CVD  coated  with  boron.  The  coating 
thickness  has  been  quite  uniform  and  the  operation  of  the  fixture  has 
presented  no  problems. 

2.3.2  CVD  Gas  Composition  Studies 

The  studies  to  be  described  in  the  following  were  performed  because 
of  a  lack  of  reproducibility  of  the  CVD  gas  mixture  used  until  about 
October  of  1981.  The  gas  mixture  of  99.9%  Argon  and  0.1%  diborane  (B2H6) 
was  prepared  by  and  purchased  from  the  Matheson  Co.  Of  the  two  standard 
200-ft3  gas  cylinders  purchased  initially  in  late  1979,  one  gave  excellent 
adherent  boron  coatings  during  CVD  and  the  other  produced  nonadherent, 
sooty  deposits.  Two  new  cylinders  with  the  same  nominal  gas  composition 
were  purchased  from  the  same  vendor  after  the  first  good  one  was 
expended.  These  new  ones  also  produced  sooty  deposits  under  the  same  CVD 
gas-flow  conditions  of  one  liter  per  minute.  It  was  also  determined  that 
when  the  gas  flow  from  the  original  satisfactory  cylinder  was  increased  to 
higher  flow  rates,  the  deposits  became  sooty.  The  preceding  facts  led  to 
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the  conclusion  that  either  the  first  gas  mixture  cylinder  had  less  than 
the  specified  0.1  percent  diborane  or  else  the  other  cylinders  contained 
more  than  the  specified  amount.  Therefore,  if  the  gas  from  these  new 
tanks  was  diluted  with  additional  pure  argon  they  should  produce 
satisfactory  CVD  coatings.  The  dilution  was  accomplished  by  allowing  the 
gases  from  an  argon  cylinder  and  the  argon  plus  diborane  cylinder  to  flow 
at  desired  rates  through  parallel  lines  and  individual  flow  meters  into  a 
mixing  chamber.  The  new  gas  compos ition  thus  created  in  the  mixing 
chamber  was  then  allowed  to  flow  into  the  CVD  chamber  at  the  desired  flow 
rate. 


With  the  preceding  arrangement,  a  CVD  run  was  performed  in  the 
usual  manner  on  a  3/4-inch-diameter  beryllium  disc  using  the  following 
experimental  conditions:  rotating  disc  maintained  at  a  temperature  of 
725°C,  with  a  gas  flow  of  36  cm3/min  of  A  and  DB  plus  800  cm3/min  of  pure 
argon  for  a  period  of  three  hours.  Upon  removal  from  the  CVD  chamber  the 
sample  surface  was  found  to  be  shiny  metallic  gray,  darker  in  appearance 
than  the  polished  beryllium  surface  before  the  CVD.  It  should  be 
remembered  that  this  same  tank  of  A  and  DB  gas  mixture  had  previously 
produced  only  nonadherent,  sooty  deposits.  To  confirm  the  new  saogile 
surface  to  be  truly  a  CVD  coating,  instead  of  a  tarnished  beryllium 
surface,  many  different  analytical  procedures  could  be  used.  But  a  quick 
qualitative  confirmation  is  a  microhardness  measurement  of  the  surface. 

The  measurement  showed  that  the  sample  had  the  hardness  values  of  about 
1400  KHN  at  a  10-gram  load  and  about  1800  KHN  at  a  5-gram  load.  Beryllium 
shows  the  hardness  values  of  about  400  to  600  KHN  under  5-  to  10-gram 
indentation  loads.  The  sample  therefore  had  a  coating  formed  during  the 
CVD  operation,  which  could  be  either  boron  or  a  compound  of  beryllium  and 
boron.  More  detailed  information  about  the  exact  chemical  composition  of 
the  surface  could  be  determined  later  by  other  analytical  procedures.  But 
for  the  time  being  we  had  successfully  produced  a  hard  coating  by  dilution 
of  the  diborane  gas  mixture.  Also,  it  was  evident  that  the  coating  was 
fairly  uniform,  as  indicated  by  the  hardness  values  of  various  different 
areas  of  the  sample. 
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Having  solved  the  mystery  of  reproducibility  of  the  argon  and 
diborane  mixture,  we  proceeded  to  make  a  number  of  CVD  runs,  under 
conditions  of  varying  (1)  gas  composition,  (2)  substrate  temperature,  and 
(3)  length  of  deposition  time.  Table  1  shows  the  various  runs  performed 
and  the  quality  of  the  CVD  coating  produced  as  indicated  by  visual 
examination. 


Table  1.  Quality  of  the  CVD  coating  dependent  on  temperature,  time, 
and  gas  composition. 


Sample 

No. 

Substrate 
Temp,  °C 

Deposition 
Time  (hrs) 

Gas  Flow  rate,  cm3 /min 

Coating  Quality 

Remarks 

*2H6 

A 

65 

725 

3 

36 

800 

Adherent,  metallic 
gray,  shiny 

66 

725 

2 

72 

800 

Nonadherent,  sooty 

67 

725 

3 

36 

800 

Repeat  of  No.  65. 

Results  same  as  No.  65. 

68 

725 

3 

54 

800 

Hard,  adherent,  gray 

69 

725 

3 

45 

800 

Shiny  gray 

70 

725 

1.5 

63 

800 

Pink,  adherent 

71 

725 

1.7 

63 

800 

3  additional  hours  at 
room  temp,  in  argon. 
Shiny,  gold. 

72 

825 

2 

72 

800 

Adherent,  shiny  blue 

73 

825 

1 

72 

800 

Adherent,  shiny  silvery 

74 

825 

mm 

72 

800 

Adherent,  shiny  blue- 
gray 

75 

825 

4 

72 

800 

Dull  gray,  adherent 

At  the  CVD  temperature  of  725»C,  good  and  adherent  coatings  could  be 
formed  with  the  gas  flow  rate  of  as  much  as  63  cm3/min  for  the  argon  and 
diborane  mixture.  At  72  cm3/min  gas  flow  the  deposit  became  sooty  and 
nonadherent.  A  few  more  experiments  (sample  number*  76,  77,  and  78,  not 
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shown  in  Table  1)  underwent  a  CVD  run  at  the  gas  flow  rates  of  110,  150, 
and  300  cm3/min,  all  of  which  produced  nonadherent  and  sooty  deposits. 
Sample  numbers  72,  73,  74,  and  75  had  CVD  runs  at  825°C  at  a  gas  flow  rate 
of  72  cm3/min  for  time  periods  of  one-half  hour  to  four  hours.  In  each  of 
these  cases  the  depositions  resulted  in  sound  adherent  films.  Obviously, 
higher  temperatures  would  permit  higher  gas  flow  rates  because  of  higher 
diffusion  rates.  Any  further  exploration  of  time,  temperature,  and  gas 
flow  rates  was  postponed  at  this  stage  in  order  to  perform  some  important 
investigations,  such  as  wear  and  friction  studies  and  Auger  analysis,  on  a 
large  number  of  good  samples  that  had  already  been  produced  to  ascertain  if 
we  had  produced  some  desirable  candidates  for  gas  bearing  application. 

2.3.2. 1  Wear  and  Friction  Tests 

In  the  last  report, preliminary  wear  tests  on  CVD  samples  were 
described.  Briefly,  the  method  used  was  the  pin-on-disc  type,  where  the 
pin  was  stationary  and  the  sample  disc  was  rotated.  The  pin  used  was  a 
1/8-inch-diameter  sapphire  ball.  The  sample  disc  was  rotated  at 
200  r/min.  Calculated  friction  coefficient  was  approximately  0.4. 

Although  there  was  no  evidence  of  plowing  or  pull-outs,  the  groove  widths 
and  depths  were  quite  high.  It  was  suspected  that  the  rotational  speed  of 
200  r/min  caused  excessive  vibration  in  the  apparatus,  giving  undependable 
test  results.  Since  then,  more  tests  were  performed  on  the  same  CVD 
samples  using  a  speed  of  100  r/min.  The  grooves  were  shallower  and  less 
wide  and  the  friction  coefficients  were  about  the  same. 

It  was  decided  to  perform  wear  tests  on  the  present  samples  using  a 
sample  rotational  speed  of  100  r/min.  All  the  samples  shown  in  Table  1 
were  tested  at  100  r/min,  using  a  1/8-inch  sapphire  ball  as  the  stationary 
pin  with  loads  of  20,  25,  and  30  grams*  All  of  the  runs  were  of  10-minute 
duration.  Prior  to  the  wear  testing,  the  sample  surfaces  were  given  a 
polish  which  removed  about  2  pm  of  the  coating  thickness.  There  was  still 
about  2  pm  of  the  film  left  on  the  beryllium  surface,  as  was  seen  later 
during  the  depth  profile  Auger  analysis  of  the  samples.  Friction 
coefficients  calculated  from  the  wear  test  data  were  found  to  be 
consistently  quite  high,  although  the  wear  did  not  appear  to  be  too 
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large*  Further  wear  tests  on  these  samples  were  performed  using  a  diamond 
ball  as  the  pin.  The  load  used  was  23  grams  and  the  samples  were  rotated 
at  100  r/min.  The  calculated  friction  coefficients  for  each  of  the  test 
runs  are  shown  in  Table  2. 


Table  2.  Calculated  friction  coefficients  during  wear  testing 
of  CVD  samples. 


Sample 

Number 

Friction  coefficient  - 
sapphire  ball  at  loads  of: 

Friction  coefficient  using 
diamond  pin  at  23  gm 

65 

20  gm 

25  gm 

30  gm 

0.16 

0.36 

0.28 

0.50 

67 

0.41 

0.35 

0.23 

0.11 

68 

0.68 

0.62 

0.43 

0.06 

69 

0.79 

0.75 

0.83 

0.07 

70 

1.23 

1.20 

1.05 

0.07 

71 

0.87 

1.06 

0.97 

0.07 

72 

0.42 

0.33 

0.33 

0.32 

73 

0.99 

0.75 

0.92 

0.13 

74 

1.00 

1.21 

0.82 

0.13 

75 

1.25 

1.49 

1.50 

0.  18 

A  few  facts  can  be  gleaned  from  the  friction  coefficient  data  shown 
in  Table  2.  The  friction  coefficient  is  much  higher  with  the  sapphire  pin 
than  with  the  diamond  pin,  which  appears  to  be  the  most  important  fact. 

The  temperature  of  deposition  does  not  appear  to  have  great  significance. 
Larger  gas  flow  rates  during  deposition  appear  to  have  produced  higher 
friction  coefficients  against  the  sapphire  pin,  although  the  reverse  is 
true  for  the  diamond  pin. 

The  wear  tracks  of  all  the  samples  were  photographed  in  the  Nomarski 
mode  and  were  also  analysed  by  profilometry  using  a  Dektak  prof ilometer. 

The  results  of  these  examinations  are  shown  in  Figures  1  through  4  for  a 
few  selected  samples,  such  as  samples  65,  69,  74,  and  75.  The  wear  track 
grooves  caused  by  the  sapphire  pin  are  quite  distinct  and  measurable. 
However,  the  wear  tracks  due  to  the  diamond  pins,  although  visible  in 
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Nomarski  pictures ,  srs  not  that  easily  distinguished  in  the  Dektak  traces 
from  the  surrounding  background.  The  wear  of  the  surfaces  by  the  diamond 
pin  was  therefore  negligible.  The  sapphire  pin,  however,  showed 
considerable  mar  of  the  surfaces  in  all  cases.  Distinct  grooves  were 
formed  in  some  cases  such  as  sample  numbers  65  and  75,  shown  in  Figures  1 
and  4.  In  other  cases  the  wear  tracks  were  actually  build-ups  rather  than 
grooves.  Sample  Nos.  69  and  74,  shown  in  Figures  2  and  3,  are  examples  of 
build-ups.  It  is  presumed  that  the  build-ups  are  the  results  of  erosion 
and  smearing  of  the  sapphire  pins. 

For  each  Nomarski  picture  a  corresponding  Dektak  trace  is  shown 
directly  below  the  photograph.  Because  of  the  large  depth  of  focus  of  the 
microscope  in  the  Nomarski  mode  the  grooves  appear  to  be  in  focus.  The 
photographs  were  taken  at  a  205X  magnification,  which  corresponds  well  with 
the  200X  magnification  (2-cm  chart  paper  for  0.01-cm  pin  travel  on  the 
sample)  in  the  horizontal  direction  of  the  Dektak  trace.  The  magnification 
of  the  Dektak  trace  in  the  vertical  direction,  showing  the  depth  of  the 
wear  track  groove,  is  50,000X  (1  cm  on  chart  equals  2000  A  of  groove 
depth) . 

2. 3. 2. 2  Auger  Analysis 

As  explained  in  previous  reports  of  this  program,  the  most  promising 
technique  for  analysis  of  thin  films  consisting  of  boron  and/or  beryllium 
is  the  Auger  analytical  procedure.  Therefore,  it  was  decided  to  carry  out 
Auger  analysis  on  the  present  samples.  The  procedure  used  was  to 
continuously  remove  material  away  from  the  coated  surface  by  sputtering 
with  argon  ions.  While  the  material  wsb  being  removed,  chemical  composition  of 
the  exposed  surface  was  being  determined  by  Auger  technique.  The 
composition  data  thus  obtained  were  plotted  against  sputtering  time.  The 
depth  of  the  sputtered  holes  was  measured  after  the  Auger  analysis  and  the 
rate  of  sputtering  was  determined.  The  measured  value  of  the  sputtering 
rate  for  the  present  procedure  was  found  to  be  0.041  pm/minute.  The  depth 
profile  data  are  presented  for  sample  numbers  65  through  74  in  Figures  5 
through  13.  The  depth  data  is  left  as  sputtering  time,  which  can  be 
converted  to  pm  by  multiplying  the  number  of  minutes  by  0.041. 


Figure  3.  Wear  tracks  on  sample  No.  74.  A,  B,  C  -saphire  pin  with  30,  25  and  20 
gm  loads.  D-  diamond  pin  with  23  gm  load. 
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Figure  6.  Auger  depth  profile  of  sample  No. 67 
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Figure  13.  Auqer  depth  profile  of  sample  No.  74 
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Prior  to  Auger  analysis,  wear  testing  was  performed  on  the 
samples.  In  order  to  provide  a  polished  surface  for  the  wear  testing, 
approximately  2  pm  of  the  film  was  removed  by  the  polishing  procedure. 
Therefore,  the  depth  profile  of  each  sample  as  presented  in  Figures  5 
through  13  is  incomplete.  However,  the  chemical  composition  found  at 
the  beginning  of  the  depth  profile  analysis  is  the  chemistry  of  the 
surface  on  which  the  wear  and  friction  tests  were  performed. 

No  attempts  are  being  made  to  identify  the  phase  compositions 
based  on  the  chemical  compositions  for  the  time  being.  Some  of  the 
chemical  compositions  shown  do  not  conform  to  the  known  intermediate 
phases.  It  is  believed  that  these  surfaces  are  composed  of  more  than 
one  phase.  Microstructure  analysis  combined  with  the  present  Auger  data 
will  produce  a  better  understanding,  and  should  therefore  be  undertaken. 

2.3.3  Fabrication  of  Gafc  Bearing  Barts 

For  the  initial  trial,  a  gyro  gas  bearing  has  been  selected, 
which  happens  to  be  a  spool-type  configuration.  The  complete  bearing 
consists  of  a  rotor,  a  shaft,  and  two  thrust  plates  attached  to  the  ends 
of  the  shaft.  The  two  flat  ends  of  the  cylindrical  rotor  provide  the 
mating  surfaces  for  the  thrust  plates.  For  our  first  hardware 
experiment  we  have  produced  the  CVD-coated  beryllium  thrust  plates 
following  the  procedure  similar  to  that  of  our  sample  number  69.  The 
reason  for  selecting  this  particular  film  was  that  it  showed  good  wear 
characteristics,  fairly  low  friction  coefficient,  and  a  composition  at 
the  surface  approximating  a  composition  of  BeB2»  which  has  the  highest 
hardness  values  of  all  the  compositions  in  the  Be-B  system.  The  CVD- 
coated  thrust  plates  are  now  being  prepared  for  assembling  to  form  a 
complete  bearing  structure. 

2.3.4  Personnel  Safety  Evaluation 

Because  of  the  high  toxicity  of  diborane,  a  careful  examination 
of  the  surrounding  area,  near  the  CVD  apparatus,  and  the  entire 
procedure  including  sample  insertion  and  sample  removal,  etc.,  was  made 
in  collaboration  with  the  Industrial  Hygiene  Department  of  the 


Massachusetts  Institute  of  Technology  using  the  most  up-to-date 
detection  technique.  The  present  apparatus  and  procedures  therefore 
being  used  were  found  to  be  completely  safe. 

2.3.5  Further  Studies 

The  results  obtained  thus  far  show  the  need  for  further  studies 
in  the  following  areas. 

(1)  Larger  gas  flow  rates  can  be  used  at  higher  temperatures. 
Therefore,  some  further  similar  studies  could  be  carried  on 
at  temperatures  of  825°  and  900#C  for  the  CVD. 

(2)  Microstructure  studies  should  be  carried  out  in  conjunction 
with  Auger  Electron  Spectroscopy  to  obtain  a  clear 
understanding  of  the  compositions  and  structures. 

(3)  The  present  CVD  samples  gave  excellent  results  on  both  wear 
and  friction  against  diamond  pins,  but  rather  disappointing 
results  when  used  against  a  sapphire  pin.  This  raises  the 
question  of  compatibility  of  mating  surfaces  in  a  gas 
bearing.  For  the  boron  CVDed  beryllium,  several  choices  of 
mating  surfaces  are  available,  such  as  boron  CVDed 
beryllium,  beryllium-ceramic  composite,  ion  implanted 
beryllium,  pyroceram,  and  alumina.  It  will  be  very 
important  to  carry  out  such  compatibility  studies  by  wear 
testing  using  various  pin  and  disc  combinations. 
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SECTION  3 


ION  IMPLANTATION 


3. 1  Introduction 

Ion  implanted  beryllium  surfaces  are  being  investigated  as  a 
means  of  producing  hard,  wear-resisting  surfaces  that  have  potential  for 
gas  bearing  use.  Case  hardening  or  surface  alloying  of  materials  by 
this  process  is  an  emerging  technology  that  has  borrowed  heavily  from 
semiconductor  electronic  device  fabrication,  where  the  process  is  fully 
mature.  While  the  basic  concepts  are  similar,  in  practice  the 
metallurgical  modification  of  material  requires  much  greater  doses  than 
are  required  to  alter  the  electronic  characteristics  of  a  semiconductor. 
That  difference  and  others  makes  this  an  exploratory  effort,  not  only  in 
the  evaluation  of  results  but  also  in  the  development  of  processing  and 
testing  procedures.  The  effort  has  so  far  concentrated  on  the 
implantation  of  beryllium  using  boron  ions  and  a  significant  measure  of 
success  has  been  achieved  with  this  binary  alloy  system. 

3.2  Process  Description 

The  ion  implantation  process  differs  from  those  based  on 
diffusion  by  employing  kinetic,  rather  than  thermal,  energy  to  introduce 
and  emplace  the  foreign  species  which  is  intended  to  modify  the  host 
material.  A  high  kinetic  energy  is  given  to  the  species  to  be 
in^lanted,  such  as  boron,  by  first  ionizing  the  boron  and  then 
accelerating  the  ions  through  an  electrical  potential  difference.  They 
are  then  directed  as  a  beam  or  current  of  ions  onto  a  substrate 
material,  su^h  as  beryllium,  whose  surface  their  high  kinetic  energy 
allows  them  to  penetrate.  The  quantity  or  dose  of  boron  delivered  is 
determined  by  the  magnitude  of  the  current  and  the  length  of  time  it  is 
applied.  The  range  of  penetration  of  the  ions  depends  on  the 
accelerating  potential.  Consequently,  for  ion  implantation  processing, 
the  concentration  of  boron  in  the  surface  of  the  beryllium  is  not 
limited  by  its  solubility,  and  the  penetration  of  boron  into  the 
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beryllium  is  not  restricted  either  by  the  diffusivity  of  the  boron  or  by 
the  presence  of  a  native  oxide  film  on  the  beryllium.  A  principal 
feature  of  ion  implantation  is  therefore  the  unique  degree  of  control 
which  it  affords  in  generating  alloyed  surface  layers. 

3. 3  Previous  Work 

Experiments  performed  on  beryllium  samples  implanted  with  boron 
concentrations  in  the  range  of  10  to  40  atom  percent  at  the  Naval 
Research  Laboratory  (NRL)  in  a  low  current  machine  (so  that  the 
processing  time  requirement  was  inordinately  long)  showed  that 
significant  boron  concentrations  could  be  attained  in  the  beryllium 
surfaces.  Studies  indicated  that  erosion  due  to  sputtering  was  negli¬ 
gible  and  therefore  did  not  set  any  serious  limits  on  the  concentrations 
which  might  be  reached.  These  studies  also  demonstrated  that  increases 
in  hardness  values  occurred  with  implantation.  These  values  increased 
further  when  the  samples  were  subjected  to  post-implant  heat  treatments. 

Subsequent  work  on  a  second  group  of  specimens,  which  were  each 
of  a  size  large  enough  to  permit  friction  and  wear  testing  after 
implantation,  was  performed  in  a  new  implanter  with  a  higher  current 
capability.  These  were  implanted  to  levels  of  60  and  40  atom  percent 
boron  in  beryllium  and  again  showed  hardness  increases.  However, 
inconsistencies  and  a  lack  of  reproducibility  showed  the  need  for  better 
sample  thermal  control  during  implantation  and  examination  of  more  than 
a  single  sample  of  a  given  type. 

Much  of  the  earlier  friction  and  wear  testing  in  this  part  of  the 
program  was  done  in  a  pin-on-disc  format  with  pins  made  from  52-100 
steel.  The  tests  were  performed  on  freshly  cleaned  surfaces  without 
lubricants  or  coolants,  as  a  means  of  ensuring  well-defined  and  repro¬ 
ducible  conditions.  Perhaps  because  of  the  absence  of  any  lubricating 
film,  in  many  instances  the  steel  pin  material  "crayoned"  itself  onto 
the  disc  surfaces  resulting  eventually  in  steel  rubbing  on  steel.  This 
occurrence,  plus  the  desire  to  generate  data  with  more  direct  engineer¬ 
ing  value,  led  to  the  recommendation  that  further  wear  and  friction 
evaluation  be  performed  with  an  aluminum  oxide  (sapphire) -tipped  pin. 


Microstructure  evaluations  of  the  implanted  layers  were  attempted 
using  reflection  electron  diffraction  (RED)  when  it  was  realized  that 
use  of  the  transmission  electron  microscopy  (TEM )  and  diffraction 
technique  posed  logistical  problems.  The  results  obtained  by  RED  were 
termed  inconclusive  in  that  no  clear  diffraction  pattern  was  obtained 
from  the  surface. 

Subsequent  RED  examinations  of  as-polished,  unimplanted  beryllium 
also  showed  the  absence  of  a  diffraction  pattern;  however,  the  existence 
of  a  well-defined  beryllium  pattern  was  clearly  observed  when  the 
unimplanted  beryllium  sample  was  stress  relieved  for  one  hour  at  about 
790°C .  This  clearly  suggested  that  the  observed  amorphous  nature  of  the 
surface  in  the  implanted  specimens  might  well  be  the  result  of  the 
sample  preparation  procedure  that  was  adopted  prior  to  implantation  of 
the  specimens  and  may  or  may  not  be  related  to  the  implantation  of  the 
boron  species. 

A  variety  of  additional  implants  was  performed.  Included  among 
these  were  flat,  graded,  and  single-dose  composition  profiles.  Analyses 
performed  using  Rutherford  Back  Scattering  (RBS )  and  Auger  Electron 
Spectroscopy  (AES)  showed  that  the  desired  profiles  were  obtained.  (A 
reasonably  good  correlation  was  noted  for  the  RBS  and  AES  data. )  Wear 
testing  was  performed  on  these  many  samples.  A  flex-pivot  wear  tester 
capable  of  both  pin-on-disc  and  disc-on-disc  testing  was  developed  for 
this  purpose.  Experiments  showed  that  for  an  identical  peak  surface 
concentration  a  flat  boron  profile  was  substantially  superior  in  terms 
of  resisting  wear,  compared  to  a  graded  boron  distribution.  This 
indicated  that  the  wear  mechanism  was  strongly  influenced  by  what 
existed  in  the  subsurface  regions  of  the  material  in  addition  to  the 
conditions  in  the  immediate  region  of  contact.  Differences  were 
observed  in  the  friction  traces  of  the  implanted  specimens  compared  to 
beryllium.  A  most  notable  feature  was  the  existence  of  three  distinct 
regions  in  the  implanted  materials,  and  these  were  attributed  to  effects 
resulting  from  gradual  wearing  off  of  the  implanted  layer. 
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3.4 


Present  Work 


3.4.1  Sample  Preparation 

Additional  implantations  were  performed  on  polished  beryllium 
surfaces  obtained  on  discs  produced  using  the  machining,  stress- 

/Q\ 

relieving,  and  lapping  procedures  discussed  earlier.  '  Peak  surface 
boron  concentrations  of  10,  20,  and  30  atom  percent  were  attempted  for 
the  several  samples  with  a  graded  composition  profile  tailored  into  the 
subsurface  regions.  It  was  decided  to  explore  these  low-boron- 
containing  compositions  [lower  than  the  40  atom  percent  that  is  known  to 
provide  satisfactory  results  from  earlier  experimentation^10*]  for 
purposes  of  minimizing  the  use  of  implanter  time,  thereby  making  the 
effort  substantially  more  cost-effective.  The  graded  compositions  were 
also  obtained  for  this  same  purpose. 

Table  3  contains  a  list  of  the  several  samples  that  were  implanted 
and  the  implantation  parameters  of  significance.  (These  implantations 
are  typically  performed  by  exposing  the  beryllium  sample  to  boron  ion 
beams  at  successively  lower  energies.)  The  energy  of  the  incident  boron 
ions  determines  the  depth  of  penetration  of  the  ions  into  the  beryllium 
surface  (the  higher  the  energy,  the  greater  the  depth)  and  the  boron  ion 
fluence  (which  is  related  to  the  current  density  at  the  substrate) 
determines  the  atomic  concentration  at  a  given  depth.  The  energies  used 
for  this  work  were  25,  43,  67,  100,  140,  and  192  keV  and  the  fluences 
used  for  the  10  atom  percent  peak  boron  concentration  sample 
corresponded  to  7.1,  8.6,  8.8,  8.025,  6.25,  and  3.775  x  lO1^  B/cm^.  The 
fluences  used  for  the  20  and  30  atom  percent  samples,  respectively,  were 
two  and  three  times  the  values  of  the  10  atom  percent  sample  fluences. 

All  of  the  implantation  parameters  were  based  on  theoretically 
calculated  values  and  the  samples  were  subsequently  analyzed  for  actual 
concentration  levels  and  depth  composition  profiles  using  techniques 
such  as  RBS  and  AES. 
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Table  3.  Parameters  used  for  implantation  of  beryllium  discs. 


Specimen 

No. 

Peak 

Nomi nal 
Concentration 
(atom  percent) 

Type  of 
Implantation 

Heat 

Sinking 

At 

Substrate 

No.  of 

Doses 

Energy 

Range 

(keV) 

7 

10 

graded 

good 

6 

25-192 

13 

10 

graded 

good 

6 

25-192 

14 

20 

graded 

good 

6 

25-192 

17 

20 

graded 

good 

6 

25-192 

12 

30 

graded 

good 

6 

25-192 

3.4.2  Chemical  Composition  and  Profile  Determination 

Earlier  results  had  demonstrated  the  AES  technique  to  be  quite 
capable  of  providing  an  adequate  measurement  of  the  boron  depth  profile 
in  the  sample.*8^  This  was  established  by  comparing  the  AES-obtained 
results  with  data  obtained  using  the  RBS  technique.  It  was  determined, 
however,  that  the  absolute  measurement  of  the  atomic  concentration  was 
more  reliable  using  RBS  than  with  information  derived  with  the  AES  plots 
recorded  on  a  chart  paper.  The  instrumentation  has  since  been  upgraded 
on  the  AES  machine  and  composition  profiles  were  obtained  during  this 
reporting  period  using  the  software  package  supplied  by  the  vendor.  The 
data  presented  with  respect  to  the  AES  work  done  on  this  new  set  of 
samples,  therefore,  includes  information  on  the  atomic  concentration  of 
the  several  elemental  species. 

3.4.2. 1  Auger  Electron  Spectroscopy  (AES) 

Auger  evaluation  of  the  implanted  naterials  was  performed  using  a 
Physical  Electronics  machine.  The  machine  was  operated  at  5  kV  and  the 
spot  size  of  the  incident  electron  beam  was  slightly  less  than  1  pm. 
Depth  profiles  were  obtained  by  sputtering  the  sample  with  argon  ions 
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and  simultaneously  examining  the  chemical  composition  of  the  naterial 
that  was  exposed  to  the  incident  beam  at  the  various  depths.  The  data 
were  obtained  in  a  form  such  that  the  atomic  concentration  of  the 
several  species  of  interest  was  plotted  on  the  vertical  (y)  axis  and  the 
time  of  sputtering  on  the  horizontal  (x)  axis.  Since  the  rate  of 
sputtering  of  the  implanted  layer  was  not  known,  it  was  not  possible  to 
directly  convert  the  time  of  sputtering  to  the  depth  attained  inside  the 
sample  by  simple  conversion  of  the  data. 

To  more  accurately  determine  the  concentration  profile,  an 
alternate  method  can  be  followed. This  consists  of  measuring  the 
depth  of  the  groove  (that  was  formed  by  sputtering  of  the  sample 
surface)  with  a  Sloan  Dektak  surface  profilometer  and  assuming  that  the 
rate  of  sputtering  is  a  constant  throughout  the  sputtering  period.  A 
given  fraction  of  the  groove  depth  is  then,  therefore,  equivalent  to  the 
same  fraction  of  the  sputtering  time. 

3. 4. 2. 2  Results 

Typical  plots,  obtained  for  peak-to-peak  signal  strength  as  a 
function  of  sputtering  time  (which  is  related  to  depth  into  the  sample 
as  discussed  previously)  are  shown  in  Figure  14  for  the  10  and  30  atom 
percent  boron  samples  (numbers  13  and  12,  respectively).  The 
corresponding  plots  relating  to  atomic  concentration  versus  sputtering 
time  that  were  derived  from  the  peak-to-peak  values  using  the  computer 
software  are  shown  for  these  samples  in  Figure  15.  It  is  clear  that  a 
close  correlation  exists  between  the  data  presented  in  either  manner  as 
would  be  expected. 

The  plots  in  Figures  14  and  15  show  that  whereas  a  con^osition 
gradient  was  obtained  as  intended  in  both  of  these  samples,  the  peak 
boron  concentrations  at  the  surface  were  substantially  larger  than  was 
expected  on  the  basis  of  theoretically  calculated  values.  These 

(  O  \ 

observations  were  similar  to  what  was  reported  earlier,  '  where  for  an 
intended  peak  boron  concentration  of  40  atom  percent,  the  actual  value 
was  close  to  55  boron  atom  percent.  The  plots  relating  to  sample  13 
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Figure  14.  Plots  of  peak  to  peak  signal  strength  versus  sputter  time 
for  (A)  Sample  No.  13,  and  (B)  Sample  No.  12. 
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Figure  15.  Plots  of  atomic  concentration  versus  sputter  time 
for  (A)  Sample  No.  13,  and  (B)  Sample  No.  12. 
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were  also  conposed  of  a  nonuniformly  decreasing  boron  concentration  with 
increasing  penetration  depth.  The  composition  profile  was  composed  of 
what  appeared  as  an  overlapping  set  of  gaussian-type  curves,  which  are 
believed  to  be  the  result  of  the  six  different  boron  fluences  that  the 
sample  was  subjected  to  during  its  implantation  with  incident  ion 
energies  in  the  25  to  192  keV  range.  When  sample  7  was  examined  with 
AES  to  see  if  a  similar  situation  existed,  such  was  not  determined  to  be 

the  case.  Two  concentration  depth  profiles  obtained  on  this  sample  are 

shown  in  Figure  16.  The  differences  in  the  boron  profile  obtained  at 
two  different  locations  in  the  sample  indicated  that  possible  slight 
variations  exist  across  the  sample  surface.  The  composition  profile  of 
this  sample,  however,  was  substantially  more  smooth  than  what  was 
observed  for  sample  13,  which  had  been  processed  under  nominally 
identical  conditions  as  sample  7. 

An  additional  interesting  observation  was  the  lowered  peak 
concentration  value  indicated  for  sample  7  compared  to  sample  13.  This 

would  seem  to  indicate  that  for  a  given  fluence  level,  either  the  energy 

distribution  of  the  boron  ions  incident  on  the  sample  surface  was  broader 
for  sample  7,  or  the  broadened  overlapping  peak  observed  for  number  7 
resulted  from  thermally  activated  phenomena  such  as  a  slight  rise  in 
temperature  (over  that  encountered  in  sample  13)  during  the  implantation 
process.  This  in  turn  would  mean  that  better  cooling  was  provided  to  the 
substrate  of  sample  13  while  the  implantations  were  performed. 

3.4.3  Friction  and  Wear  Testing 

All  of  the  testing  was  performed  with  the  CSDL-designed  flex 
pivot  wear-tester  that  was  described  in  detail  in  Reference  8.  This 
apparatus  was  designed  for  maximum  adaptability  and  is  capable  of 
performing  both  pin-on-disc  and  disc-on-disc  type  of  wear  tests. 

Loading  can  be  varied  from  a  few  grams  to  10  kilograms  by  means  of 
either  dead  weights  or  a  pneumatic  loading  device.  A  signal  generator 
coupled  to  an  elastic  flex-pivot  provides  a  continuous  torque  signal 
from  which  the  value  of  the  friction  coefficient  can  be  calculated. 

Test  speed  can  be  varied  from  100  to  1200  r/min.  This  test  equipment  is 
installed  in  a  beryllium  hood  to  permit  tests  on  beryllium. 
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Figure  16.  Atomic  concentration  profiles  for  sample  No. 7. 
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Experiments  performed  earlier,  using  this  wear-testing  apparatus, 
on  unin$>lanted  beryllium  and  beryllium  implanted  with  flat  and  graded 
profile  boron  concentrations  (with  peak  concentrations  of  40  atom 
percent  boron)  had  shown  a  remarkable  improvement  in  wear  resistance 
from  the  implantation  process.  These  studies  had  also  shown  interesting 
features  associated  with  the  friction  traces  that  were  obtained  on  the 
infilanted  surfaces.  Traces  obtained  at  low  loads  showed  little 
variation  of  the  friction  coefficient  with  time.  These  traces  were 
somewhat  similar  to  those  obtained  on  polished  unimplanted  beryllium 
except  that  the  traces  on  the  latter  indicated  a  substantially  larger 
stick  slip  behavior  and  the  friction  coefficient  value  was  nuch  larger 
for  the  unimplanted  sample.  The  friction  traces  obtained  at  the  higher 
loads  on  these  samples,  however,  showed  a  marked  deviation  from  the 
flat-type  ( constant  value)  trace  observed  for  beryllium  and  for  the 
implanted  specimens  measured  at  the  low  loads.  In  these  cases,  three 
(almost  distinct)  regions  were  indicated  on  the  friction  trace.  These 
were  interpreted  as  corresponding  to  a  region  A  with  low/no  wear 
(friction  coefficient  constant) ,  a  region  B  with  rapidly  increasing  wear 
as  indicated  by  the  accompanying  increase  in  the  friction  coefficient, 
and  a  steady-state  wear  region  where  the  friction  coefficient  value 
increases  quite  gradually.  Both  regions  A  and  B  were  found  to  shrink 
with  increases  in  applied  loads.  Because  of  the  nature  of  the  traces 
obtained  during  these  evaluations,  it  was  considered  important  to 
calculate  and  record  the  measured  value  of  the  friction  coefficient  at 
different  points  in  time  during  a  10-minute  run. 

Wear-test  experiments  (using  a  1/8-inch-diameter  sapphire  ball  as 
a  pin)  have  also  been  performed  on  beryllium  samples  implanted  with 
graded  boron  concentrations  having  the  intended  peak  boron  composition 
values  of  10,  20,  and  30  atom  percent  boron.  It  was  hoped  that  in 
conjunction  with  the  results  obtained  earlier  on  the  40  atom  percent 
samples,  a  peak  boron  concentration  dependence  of  the  friction  and  wear 
behavior  might  become  evident  through  such  an  evaluation. 
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The  data  obtained  on  these  several  samples  are  shown  in  Tables  4 
through  6.  As  discussed  earlier,  the  data  were  once  again  tabulated  for 
different  times  to  compare  the  time -dependent  rise  in  the  value  of  the 
friction  coefficient  for  these  samples.  For  purposes  of  comparison,  the 
friction  coefficient  data  for  the  40  atom  percent  boron  flat  and  graded 
profile  specimens  are  reproduced  in  this  report  and  are  shown  in 
Tables  7  and  8.  The  data  are  somewhat  ambiguous  in  that  no  clear 
dependence  of  friction  data  [which  are  also  believed  to  be  related  to 
wear  behavior  by  virtue  of  the  interpretation  of  the  friction  traces 
discussed  in  the  last  report*8*]  was  observed  for  these  several 
specimens.  Per  our  earlier  experience  and  in  agreement  with  our 
interpretation  of  the  measured  friction  data,  the  initial  friction 
coefficient  value  as  observed  after  O.t  minutes  of  testing  time,  with  an 
applied  load  of  20g,  appeared  similar  for  all  of  these  samples.  In 
fact,  similar  initial  values  were  also  observed  for  the  flat  profile 
40  peak  atom  percent  boron  specimen  discussed  in  last  year's  annual 
report  and  shown  in  Table  7.  The  friction  data  for  the  graded  profile 
40 -VI I  sample  in  Table  8  was  more  erratic  from  run  to  run;  however,  an 
average  value  of  the  set  of  the  four  20g~load  runs  on  this  sample  is 
reasonably  consistent  with  what  was  observed  on  all  of  the  other  samples 
for  the  0.1-minute  friction  value. 

Further  examination  of  the  data  in  Tables  4  through  8  shows  that, 
in  general,  the  performances  of  the  40  and  20  peak  atom  percent  samples 
were  superior  to  the  10  and  30  atom  percent  samples  in  that  a  slower 
rise  in  the  average  value  of  the  20g  load  runs  was  indicated  for  sample 
numbers  40-VII  and  14  compared  to  samples  13  and  12.  This  is  clearly 
observed  by  the  data  tabulated  at  different  points  in  time  which  reflect 
the  time-dependent  changes  observed  in  the  friction  traces.  Therefore, 
no  clear  dependence  of  the  friction  (and  thereby  wear)  behavior  is 
observed  on  the  peak  concentration  value  of  the  graded  profile  boron 
Implanted  specimens.  Among  all  of  the  specimens  investigated  it  is 
clear  that  the  40  atom  percent  boron  flat  profile  specimen  behaves  in  a 
superior  fashion. 


TABLE  7:  Friction  coefficient  data  on  NRL  40- IV;  calculated  at  different  times 
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In  addition  to  the  interpretation  of  the  wear  behavior  of  the 
implanted  surfaces  from  the  friction  traces  that  were  obtained,  our 
earlier  work  had  also  shown  that  optical  microscopy  was  quite  helpful  in 
determining  when  severe  wear  occurs.  The  micrographs  obtained  from  the 
wear  tracks  of  the  10,  20,  and  30  atom  percent  boron  samples  from  the 
several  runs  performed  at  different  applied  loads  are  shown  in 
Figures  17  through  19.  By  comparing  the  resistance  of  the  implanted 
surface  to  severe  wear  as  indicated  by  the  broad  wear  tracks  obtained, 
for  instance,  in  the  10  and  30  atom  percent  samples  at  a  30g  load  to  the 
much  less  severe  wear  marks  observed  for  loads  up  to  40g  in  the  20  atom 
percent  sample,  it  is  clear  that  the  20  atom  percent  sample  shows 
substantially  greater  wear  resistance  than  do  the  other  two  camples. 

The  results  inferred  from  an  examination  of  these  micrographs  are 
clearly  in  agreement  with  what  was  concluded  from  the  friction  data. 

It  is  widely  believed  that  the  hardness  of  the  surface  is  an 
indication  of  its  wear  resistance;  therefore,  the  higher  the  hardness, 
the  greater  is  its  wear  resistance.  Microhardness  measurements  were 
made  on  several  of  the  samples  that  we  have  discussed  and  the  Knoop 
indentation  values  of  microhardness,  expressed  in  kg/mm  ,  are  shown  in 
Table  9.  It  is  difficult  to  measure  the  hardness  of  such  thin  surface 
films  accurately,  both  at  high  applied  indentation  load  (because  the 
substrate  contribution  is  excessive)  and  at  very  low  load  (where  the 
surface  contribution  dominates  but  questions  arise  with  respect  to  "the 
actual"  as  compared  to  "the  intended"  load).  We  have,  therefore, 
devised  a  procedure  whereby  microhardness  measurements  are  made  in  a 
range  of  applied  loads  and  the  variation  of  microhardness  as  a  function 
of  applied  load  gives  a  more  reliable  assessment  of  the  hardness  of  the 
surface. ( 11 )  Conventional  thinking  with  regards  to  the  relationship  of 
surface  hardness  to  its  wear  behavior  notwithstanding,  the  data  in  Table 
9  show  that  the  wear  behavior  of  these  samples  cannot  be  explained  on 
the  basis  of  the  microhardness  data  obtained  in  this  effort. 
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TSA 3107  Figure  18.  Sample  14  (20%  B)  micrographs  from  wear  tests 

Wear  tracks  made  at  different  loads. 


3.4.4  Hardware  Fabrication  and  Evaluation 

Because  the  wear  test  experiments  performed  to  date  have  shown 
that  the  40  atom  percent,  flat  boron  profile  gives  the  best  results,  two 
beryllium  discs,  with  grooves  in  place,  were  inqplanted  with  this 
concentration  and  profile  to  examine  the  industrial  applicability  of  the 
implanted  surfaces  in  actual  gas  bearing  use.  These  two  discs 
constitute  the  thrust  plates  of  a  conventional  spool-type  gas  bearing. 

To  minimize  the  number  of  variables,  all  of  the  other  structural 
members,  including  the  rotor  and  the  journal  were  selected  from  existing 
hardware  with  only  the  boron-implanted  thrust  plates  comprising  the 
change.  The  bearing  was  assembled  unlubricated,  in  contrast  to  the 
conventional  bearing  which  has  a  lubricant  applied  to  its  rubbing 
surfaces  prior  to  evaluation  and  performance,  and  tested  as  a  gas 
bearing.  The  response  of  this  modified  gas  bearing  was  very 
satisfactory  during  the  initial  evaluation  with  respect  to  start-up  and 
touchdown  characteristics.  When  the  bearing  was  examined  for  life  test 
performance  in  regard  to  repeated  start-stop  cycles,  the  bearing  was 
observed  to  fail  after  a  few  cycles.  When  the  bearing  was  disassembled 
for  inspection,  it  was  discovered  that  the  failure  was  related  to 
removal  of  a  small  chip  f  of  the  anodized  surface  of  the  journal.  The 
implanted  thrust  plates  looked  as  good  as  new.  A  new  set  of  parts  was 
subsequently  received  and  work  was  initiated  for  assembling  the  bearing 
in  a  like  manner  with  the  same  thrust  plates  in  the  hope  that  a 
satisfactory  test  will  result  from  this  repeat  effort. 

3.4.5  Additional  Related  Investigations  and  Future  Work 

Electron  microscopy  data  obtained  at  NRL  provided  conclusive 
evidence  of  second-phase  formation  in  boron-implanted  beryllium 
samples. ^ 10 ^  The  diffraction  results  suggested  that  more  than  one 
beryllium  boride  phase  was  possibly  present.  Since  the  temperature 
during  implantation  was  intentionally  held  at  low  values,  the  increased 
boron  mobility,  as  indicated  by  the  occurrence  of  precipitate  formation, 
was  in  all  likelihood  the  result  of  irradiation-enhanced  diffusion.  Hie 
presence  of  a  multitude  of  phases  might  well  have  been  the  result  of 
conqpositional  variations  in  the  implanted  specimens. 
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Two  beryllium  discs  that  were  mailed  earlier  to  TRW,  Inc.  for 
thermal  energy  implant  of  boron  were  received  for  further  evaluation. 
These  discs  are  currently  being  examined  for  boron  dose  and  profile 
using  the  RBS  technique  at  NRL,  after  which  they  will  be  returned  to 
CSDL  for  AES  and  friction  and  wear  evaluation.  Two  additional  beryllium 
discs  are  also  awaiting  implantation  of  carbon  and  nitrogen  ions, 
respectively,  along  with  boron,  to  generate  boron  carbide  (B^C)  and 
boron  nitride  (BN)  stoichiometries  in  the  beryllium  surface.  It  is 
possible  that  these  surfaces  might  possess  higher  load  bearing 
capability  during  the  wear  tests  than  what  has  so  far  been  demonstrated 
for  the  boron-implanted  surfaces.  Additional  work  is  also  planned  on 
samples  with  the  binary  Be-B  compositions,  primarily  from  the  view  of 
examining  the  effects  of  low  temperature  heat  treatment  on  the 
tribological  behavior  of  the  implanted  surfaces. 
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SECTION  4 


COMPOSITE  MATERIAL 


4.1  Introduction 

Beryllium-ceramic  metal  matrix  composites  fabricated  by  hot 
isostatic  pressing  of  blended  powders  are  being  examined  as  an  alternate 
approach  to  the  fabrication  of  hard,  wear-resisting  surfaces  for  use  in 
gas  bearings.  Beryllium  has  served  as  the  metal  matrix  in  these 
components  because  of  its  very  desirable  bulk  properties.  She  physical 
properties  of  a  composite  made  from  this  metal  are,  therefore,  expected 
to  be  more  compatible  to  the  rest  of  the  gyro  structural  members  than 
those  either  of  a  solid  ceramic  or  of  a  composite  fabricated  using  other 
metal  constituents  as  the  host  material.  It  is  anticipated  that  the 
physical  characteristics  of  these  composites  will  be  between  those  of 
ceramic  and  beryllium.  The  benefits  in  using  this  type  of  material  lie 
in  the  recognition  that  the  entire  wear  and  friction  process  is  contined 
to  the  ceramic  particles  standing  out  in  relief  at  the  surface  of  the 
composite. 

4.2  Previous  Work 


4.2.1  Material  Selection 

The  criteria  that  were  used  to  select  ceramic  powders  for 

(121 

fabricating  these  composites  included  the  following:'  ' 

( 1 )  Microhardness 

(2)  Chemical  stability 

(3)  Thermal  expansion  compatibility 
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A  ceramic  with  a  high  value  of  microhardness  was  desired 
principally  because  hard  materials  are  known  to  be  resistant  to 


degradation  from  processes  such  as  impact  and  erosion  and  also  because 
these  display  relatively  low  values  of  the  coefficient  of  f riction. ^ 1 ^ 

Chemical  stability,  as  indicated  by  the  values  of  the  free 
energies  of  formation  of  the  several  compounds,  is  of  concern  during 
consolidation  because  even  though  it  is  important  that  the  metal  matrix 
wet  the  ceramic,  one  does  not  want  the  metal  to  chemically  reduce  the 
ceramic  at  the  temperature  used  for  densif ication. 

Thermal  expansion  compatibility  consideration  involves  selection 
of  a  ceramic  with  an  expansion  coefficient  only  slightly  lower  than  that 
of  the  surrounding  metal  and  this  leads  to  a  mild  compressive  state  of 
stress  around  the  particle.  An  expansion  coefficient  higher  than  the 
metal  will  cause  the  ceramic  particles  to  pull  away  from  the  metal 
during  cooling  after  hot  consolidation  whereas  one  considerably  lower 
will  result  in  a  very  high  level  of  stress. 

4.2.2  HIP  Process  Development 

Beryllium-titanium  diboride  composite  material  fabricated  during 
initial  experiments  at  CSDL  using  the  hot  isostatic  pressing  technique 
demonstrated  that  the  fabrication  sequence  in  itself  needed  a  certain 
amount  of  development  effort. M4,15)  poor  densif ication  was  obtained  in 
a  sample  that  was  isostatically  densif ied  at  900°C  and  15  klb./in2  gas 
pressure  for  2  hours.  Large  pockets  containing  loose  TiB2  powder  (which 
was  the  chosen  ceramic)  were  observed  with  the  unaided  eye. 

This  problem  was  substantially  corrected  by  resorting  to 
high-energy  powder  blending  (in  a  ball  mill),  outgassing  of  the  powders 
at  600°C  prior  to  container  encapsulation,  and  using  a  higher 
densification  temperature  of  950®C. 
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4.2.3  Composite  Development 

Based  on  the  selection  criteria  outlined  above,  the  ceramics 
AljOj,  TiC  and  TiB2  were  chosen  for  further  examination.  Beryllium 
powder  designated  as  -325  mesh  was  blended  with  powders  of  these 
different  ceramics  using  the  high  energy  blending  procedure  discussed 
previously.  The  variations  that  were  attempted  pertained  to  type, 
percent  volume,  and  particle  size  of  the  ceramic.  The  blended  powders 
were  cold  and,  subsequently,  hot  isostatically  pressed  at  975°C  for 
4  hours  under  an  inert  gas  pressure  of  15  klb/in2. 

Lapping  studies  performed  on  coarse  TiBj-containing  composites 
showed  that  use  of  coarse  (500-grit-size)  particle  AljO-j  as  the 
polishing  compound  resulted  in  the  ceramic  particles  standing  out 
considerably  in  relief  above  the  beryllium  surface.  Scanning  Electron 
Microscopy  (SEH)  observations  showed  that  the  surface  of  the  recessed 
beryllium  after  polishing  with  coarse  particles  was  also  quite  rough. 
When  this  sample  was  subsequently  polished  with  the  finer  Al2°3  Pastes 
(the  finest  contained  a  2-  to  3-  micron  AI2O3  particle  size), 
micromachining  of  the  TiB2  particles  was  observed.  The  recessed 
beryllium  also  had  a  smoother  surface  in  these  instances. 

Observations  related  to  effects  of  ceramic  particle  size 
indicated  that  the  -325-mesh  TiB2  particle-containing  composites  were 
more  desirable  than  were  the  1-  to  2-micron-containing  composites. 

While  the  -325-mesh  samples  showed  a  reasonably  uniform  distribution  of 
the  particles  throughout  the  beryllium  matrix,  the  1-  to  2-micron  TiB2 
particulate  samples  showed  that  the  ceramic  particles  were  mainly 
segregated  at  the  grain  boundaries  of  the  beryllium.  Micromachining 
effects  on  the  ceramic  particles  were  not  observed  in  the  1-  to  2-micron 
samples,  possibly  because  of  their  very  small  particle  size,  and  maybe 
even  because  of  a  lowered  tendency  of  the  particles  to  remain  bonded  to 
the  matrix. 
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These  studies  concluded  that  of  the  different  ceramics 
investigated,  TiB2  was  the  most  promising  and  should  be  examined  in 
greater  detail.  TiC  containing  composites  were  rruch  too  porous,  an 
effect  attributed  to  outgassing  problems  associated  with  the  ceramic 
powders  prior  to  encapsulation  and  high  temperature  HIP.  The  problems 
with  A1203  on  the  other  hand,  were  related  to  inadequate  bonding  of  the 
particles  to  the  surrounding  beryllium  iratrix  resulting  in  particle 
pull-out  during  polishing. 

4.2.4  Composite  Investigations 

Reasonably  extensive  hand-held  lapping  procedures  (primarily 
using  diamond  containing  compounds  and  diamond  impregnated  commercially 
procured  Abernathy  laps)  were  investigated  with  the  purpose  of  producing 
well -polished  TiB2  surfaces  in  relatively  short  time.  It  was  noted  that 
severe  damage  (which  were  observed  as  pits)  resulted  in  the  ceramic 
particles  from  contact  with  the  diamond  particles.  When  polishing  using 
fine  particle  (0.05  pm)  A12C>3  was  attempted  on  these  surfaces,  gradual 
removal  of  damage  was  observed;  however,  this  was  obtained  at  the 
expense  of  producing  a  considerable  amount  of  ceramic  particle  relief  at 
the  surface.  This  problem  was  substantially  minimized  when  Syton  (a 
commercially  available  ultrafine  particle  Si02  suspension)  was  used  as 
the  polishing  medium. 

Wear  tests  were  performed  on  the  as  polished  surfaces.  A 
disc-on-disc  format  for  wear  testing  was  examined  and  quickly  discarded 
when  extensive  cocking  problems  were  encountered.  Pin-on-disc 
experiments  were  subsequently  attempted  using  both  TiB2~composite  and 
sapphire  pins  with  different  radii  of  curvature.  Problems  were 
encountered  with  the  composite  pin  because  it  was  flat.  A  curvature  was 
subsequently  placed  on  the  edge  of  the  composite  pin.  Wear  tests  with 
the  sapphire  pins  always  resulted  in  crayoning  of  the  sapphire  on  the 
composite  surface  giving  rise  to  a  build-up  of  material  as  indicated  by 
a  surface  prof ilometer . 
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Experiments  were  also  initiated  towards  the  fabrication  of 
composites  with  different  particle  sizes  of  the  ceramic  and  towards  how 
the  production  of  composite  parts  in  near-net  shape  and  size.  Efforts 
were  made  at  examining  the  industrial  application  of  the  TiB2-containing 
composites.  Initial  evaluations  were  very  encouraging  and  these  results 
served  as  a  basis  for  a  substantially  more  expanded  wheel  build  and 
evaluation  effort  at  a  vendor's  facility  under  a  separately  funded 
government  program. 

4. 3  Present  Work 

In  the  last  annual  report, work  was  reported  to  have  been 
initiated  on  the  fabrication  of  TiB2_based  composites  containing 
different  sizes  of  the  ceramic  particles.  Size  classifications  were 
oerformed  using  an  Alpine  American  Corporation  100  MZR  unit  and  size 
ranges  corresponding  to  -10,  -20  +10,  -30  +20,  and  +30 jm  were  obtained. 
(A  minus  sign  indicates  particles  less  than  the  size  in  un  and  a  plus 
sign  indicates  particles  greater  than  the  stated  size.  For  example,  a 
-20  +10  pn  size  fraction  implies  that  the  particles  are  greater  than 
10;m,  but  smaller  than  20  im). 

The  different  ranges  of  classified  powders  were  subsequently 
blended  with  -325-mesh  beryllium  powder  (using  techniques  that  were 
developed  earlier)  to  give  identical  compositions  of  45  volume  percent 
ceramic.  The  blended  powders  were  cold  isostatically  pressed  in  rubber 
boots,  then  encased  in  low  carbon  steel  cans,  and  HIPed  at  1000°C  and 
30  klb/in.2  argon  gas  pressure.  Similarly  sized  beryllium  powder  could 
not  be  obtained  commercially,  mainly  because  it  is  difficult  to  handle 
beryllium  owing  to  its  toxicity  in  fine  particle  form.  Also,  because 
the  different  beryllium  size  ranges  were  expected  to  contain  different 
levels  of  beryllium  oxide,  which  would  represent  an  additional  variable 
(aside  from  the  different  TiB2  particle  size  range)  in  the  overall 
experimentation,  this  option  was  not  considered  to  be  of  paramount 
importance  in  the  structural  optimization  of  the  composite. 
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4.3.1  Development  of  Microstructure 


Lapping  procedures,  investigated  and  reported  earlier,  were 
further  developed  to  produce  nearly  damage-free  microstructures.  The 
successful  procedure  consist  i  of  the  following  lapping  steps.  (In  each 
case  the  lapped  specimen  was  cleaned  ultrasonically  in  Freon.  All  of 
the  lapping  was  performed  inside  a  hood  specifically  dedicated  to  the 
polishing  of  beryllium  surfaces). 

( 1 )  One-hour  lapping  with  45pm  diamond  paste  followed  by  an 
additional  one-half  hour  lapping  with  15pm  diamond  paste. 

(2)  One-half  hour  exposure  to  a  600  mesh  diamond-impregnated 
lap  followed  by  thirty  and  ten  minute  lapping  treatments 
using  3pm  and  1pm  diamond  pastes  respectively. 

(3)  Polishing  of  the  preceding  surfaces  on  a  standard  polytex 
rotating  wheel  using  Syton  suspension. 

The  surfaces  obtained  with  these  procedures  were  substantially 
superior  to  what  were  reported  earlier.  Photomicrographs  obtained  on 
the  surfaces  of  the  -10  pm  and  +30  pm  TiB2  particle-containing 
composites  are  shown  in  Figure  20.  These  photographs  were  obtained 
using  a  scanning  elecron  microscope.  In  general,  the  ceramic  particles 
were  observed  to  be  substantially  damage-free. 

4.3.2  Friction  and  Wear  Testing 

All  of  the  wear  testing  was  performed  on  the  in-house, 
CSDL-designed  flex  pivot  wear  tester  that  was  described  in  the  last 
annual  report. The  testing  was  performed  on  the  +30pm  and  -10pm 
specimens  to  see  the  effect  of  ceramic  particle  size  on  the  wear  and 
friction  behavior  of  the  material.  The  tests  were  conducted  with 
sapphire,  diamond,  and  TiB2  composite  pins  contacting  the  selected 
0.75-inch  diameter,  roughly  0.25  inch  thick,  disk  composite  specimen. 
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Figure  20.  As  HIP'ed  microstructures  of  (A)-l0/im  and  (B)+30^m  TiB2 
composites.  Different  magnifications. 
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The  composite  disc  was  rotated  at  100  r/min  and  friction  traces  obtained 
using  a  strip  chart  recorder.  The  values  of  the  friction  coefficients 
were  calculated  for  these  specimens  at  time  intervals  of  0.1,  1.0  and 
10.0  minutes,  which  were  measured  from  the  start  of  the  test.  Friction 
traces  were  obtained  at  different  applied  loads.  These  were  allowed  to 
vary  from  22  gms  to  about  300  gms.  The  results  of  these  tests  are  shown 
in  Table  10. 


Table  10.  Friction  coefficient  data  on  +30  and  -10pm  composite  samples. 


Run 

No. 

Pin 

Applied 

Load 

9 

r./min 

Friction  Coefficient 

+30pm  TiBj 
(mins ) 

-10pm  TiB2 
(mins) 

0.1 

1 

10 

0.1 

1 

10 

1 

Diamond 

22 

100 

0.25 

0.22 

0.18 

0.06 

0.03 

- 

2 

Diamond 

30 

100 

0.12 

0.11 

0.07 

0.14 

0.11 

0.08 

3 

Diamond 

40 

100 

0.09 

0.07 

0.12 

0.07 

0.05 

4 

D i amond 

5 

100 

0.09 

0.07 

0.05 

0.57 

0.49 

0.34 

5 

Diamond 

100 

100 

- 

- 

- 

1.33 

1.27 

1  .  1 

6 

Diamond 

150 

100 

0.12 

0.08 

0.07 

0.21 

0.08 

0.08 

7 

Diamond 

200 

100 

0.24 

0.12 

0.12 

0.09 

0.06 

0.06 

8 

Diamond 

300 

100 

0.06 

0.06 

0.06 

- 

- 

- 

9 

Sapphire 

20 

100 

0.17 

0.59 

0.92 

0.14 

0.64 

1.01 

10 

-325  mesh 

20 

100 

0.12 

0.34 

1.44 

0.40 

0.57 

1.26 
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A  substantial  amount  of  scatter  was  observed  in  the  data  from 
these  measurements.  Data  was  collected  for  different  applied  loads  to 
determine  if  a  dependence  of  the  friction  coefficient  on  the  applied 
load  existed  for  the  runs  made  with  diamond  pins  that  could  be  related 
to  the  wear  phenomena  in  these  composites  in  a  manner  similar  to  what 
was  earlier  observed  for  boron  ion  implanted  specimens. A  further 
objective  in  the  variation  of  the  load  was  to  determine  if  one  of  the 
two  composites  selected  for  evaluation  was  more  susceptible  to  wear 
compared  to  the  other.  It  was  hoped  that  the  more-susceptible -to-wear 
composite  would  show  a  more  rapid  evidence  of  wear  in  its  friction 
traces  (with  increases  in  applied  load)  because  of  the  influence  of  the 
wear  debris  generation  process  on  the  measured  value  of  the  friction 
coefficient.  Values  for  the  friction  coefficients  at  different  time, 
from  the  traces  that  were  obtained,  were,  therefore,  calculated  with  the 
hope  that  the  variation  in  these  values  with  time  might  also  be 
indicative  of  a  related  wear  process. 

The  measurements  in  Table  10  show  that  no  appreciable  dependence 
of  either  composite  on  applied  load  was  achieved.  Except  for  run 
numbers  1  and  7  for  the  +  30pm  composite  and  4  and  5  for  the  -10pm 
composite,  the  data  seemed  fairly  well  behaved  for  wear  runs  versus  a 
diamond  stylus  serving  as  the  pin.  The  slight  drop  in  the  already  low 
value  of  the  friction  coefficient  with  increasing  time  for  most  of  the 
runs  was  interpreted  as  either  resulting  from  the  removal  of  an  existing 
contaminating  film  on  the  surface  or  from  a  polishing  action  on  rough 
surface  irregularities  that  were  initially  present.  In  any  event,  the 
data  showed  that  the  two  composites  could  not  be  differentiated  for  wear 
resistance  potential  using  this  procedure.  In  fact,  both  composites 
showed  a  superior  wear  resisting  ability  at  loads  which  were  much  higher 
than  would  normally  be  encountered  in  an  actual  gas  bearing.  The  data 
obtained  with  sapphire  and  composite  pins  resulted  in  substantially 
increased  values  of  the  friction  coefficient  which  showed  a  significant 
rise  with  increasing  time  for  both  composites.  This  was  expected  for 
the  sapphire  pin  on  the  basis  of  past  observations  on  -325  mesh  TiB2~ 
composite  samples  that  had  shown  wear  of  the  sapphire  pins  leading  to  a 
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build-up  of  wear  debris  on  the  conposite  surface.  The  present 
observations  related  to  increased  friction  (and  wear)  with  the  composite 
pin  would  appear  to  indicate  that  these  composite  parts  should  not  be 
allowed  to  mate  with  other  similar  conposite  parts  in  a  wear 
circumstance  such  as  what  exists  in  a  gas  bearing. 

Because  the  friction  data  proved  insufficent  for  differentiating 
between  the  wear  performing  ability  of  the  two  composites,  it  was 
decided  to  examine  the  several  wear  tracks  on  the  composites  at  high 
magnification  using  a  scanning  electron  microscope.  The  observations  in 
Figure  11  are  typical  of  wear  tracks  observed  using  this  technique  on 
the  two  samples.  The  tracks  appeared  somewehat  discontinuous  in  places 
as  shown  in  Figure  21  even  though  at  lower  magnification  these  tracks 
appeared  to  be  continuous.  These  observations,  as  other  evaluations 
subsequently  performed  for  changes  in  surface  topography  using  a  Dektak 
surface  prof ilometer,  were  inconclusive  with  respect  to  the  wear 
resisting  ability  of  these  materials. 

4.3.3  Studies  for  Fabricating  Parts  of  Acceptable  Production  Quality 

Preliminary  evaluations  for  the  industrial  use  of  this  material 
were  initiated  through  fabricating  and  testing  of  actual  gas  bearing 
hardware. Several  production  related  problems  were  encountered 
during  this  preliminary  evaluation.  The  most  notable  among  these  were: 

(1)  development  of  appropriate  lapping  procedures  for  generating 
acceptable  surfaces 

(2)  identification  of  suitable  cleaning  procedures  following  lapping 

(3)  machining  of  parts  of  cylindrical  geometry  with  a  hole 
running  centrally  about  the  axis  from  solid  stock 

(4)  production  of  parts  with  a  higher  value  of  the  thermal- 
expansion  coefficient  so  it  is  more  compatible  with  the 
beryllium  structure. 
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Figure  21.  Wear  tracks  observed  in  (A)-lCtym,  (B)  +  30/jm  TiB^  samples 
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Even  so,  a  few  gas  bearings  were  successfully  assembled  and  have  been 
demonstrated  as  good  quality  hardware  that  can  perform  well  over  a 
reasonable  length  of  evaluation  time. 


The  problems  related  to  production  of  appropriately  lapped  surfaces 
were  resolved  along  the  lines  described  in  an  earlier  section  where  good 
quality  surfaces  were  obtained  with  minimum  observable  damage  to  the  TiB2 
particles.  Problems  relating  to  suitable  cleaning  of  the  lapped  parts 
were  investigated  and  are  described  in  4.3.4.  Also  discussed  are  efforts 
made  to  produce  near-net  shape  parts  with  the  aim  of  minimizing  machining 
concerns  as  well  as  increasing  the  thermal  expansion  coefficient  of  the 
fabricated  parts  to  more  closely  match  that  of  beryllium,  which  is  the 
basic  material  for  most  of  the  structural  components. 

4 . 3 . 3 . 1  Effects  of  Ultrasonic  Cleaning  on  Material  Integrity 

Observations  made  at  the  vendor's  facility  during  the  fabrication 
of  the  gas  bearings  indicated  that  continuous  particulate  generation 
resulted  from  an  ultrasonic  cleaning  procedure  that  was  used.  Concerns 
raised  in  this  regard  included  questions  as  to  whether  these  parts  could 
ever  be  cleaned  thoroughly  and  whether  continuous  particulate  generation 
was  indicative  of  poor  mechanical  integrity  of  the  material  that  might 
lead  to  catastrophic  deterioration  of  the  gas  bearing  during  operation. 

An  initial,  reasonably  detailed  examination,  was,  therefore, 
performed  on  an  experimental  part  to  confirm  whether  cleaning  of  the 
material  using  ultrasonic  means  results  in  degradation  of  the  material. 

The  experiments  consisted  of  examination  of  a  few  selected  areas  on  the 
as-received  part.  These  were  readily  identifiable  in  that  there  were 
local  areas  of  damage  introduced  during  the  earlier  lapping  process  and 
subsequent  examination  of  these  same  areas  was  performed  each  time  after 
ultrasonic  cleaning.  The  observations  were  made  with  a  scanning  electron 
microscope.  The  ultrasonic  cleaner  used  was  a  Model  SG-2  unit  manufactured 
by  the  Blackstone  Ultrasonics  Company  in  Jamestown,  New  York.  This  unit 
was  operated  at  the  frequency  designated  by  a  setting  of  100  on  the  dial. 
All  of  the  cleaning  was  done  in  BO  ml  of  Freon  inside  a  150  ml  laboratory 
beaker. 


Observations  typical  of  what  was  noted  are  shown  in  Figure  22. 

In  Figure  22,  the  micrograph  designated  as  (A)  corresponds  to  the  as- 
received  condition,  (B)  the  same  region  after  10  minutes  of  ultrasonic 
cleaning,  and  (C)  the  same  region  after  an  additional  20  minutes  of 
cleaning  (i.e. ,  a  total  of  thirty  minutes  in  the  ultrasonic  cleaner). 

The  micrographs  indicated  that  in  each  instance,  the  minor  changes  that 
were  noted  had  all  occurred  in  the  small  pockets  of  damage  that  were 
present.  The  remainder  of  the  material  remained  unchanged.  These 
observations  suggested  that  the  composite  parts  should  be  cleaned  as 
thoroughly  as  possible  and  fabrication  procedures  be  developed  that 
would  minimize  defect  regions  in  the  material.  It  was  also  suggested 
that  substantially  more  care  be  exercised  during  the  lapping  process  so 
as  to  drastically  reduce,  if  not  altogether  eliminate,  the  occurrence  of 
the  pockets  of  damage  that  were  observed. 

Earlier  efforts  had  shown  that  coarse  TiB2  particle  sizes  were 
probably  more  preferred  for  fabricating  the  composites  because  of  an 
observed  clustering  of  the  fine  (1-2  pm)  TiB2  particles  in  the  grain 
boundary  regions. These  observations  had,  additionally,  indicated 
that  the  coarse  TiB2  particles  were  more  well  bonded  to  the  beryllium 
than  were  the  finer  particles.  The  foregoing  had  prompted  the 
investigation  into  the  fabrication  of  TiB2-composites  containing 
different  sizes  of  ceramic  particles.  Ultrasonic  experiments  were, 
therefore,  performed  on  composite  samples  belonging  to  the  finest 
(-10pm)  and  the  coarsest  (+30pm)  categories.  These  samples  were  lapped 
on  their  flat  surfaces  to  a  good  finish  using  the  refined  lapping 
procedures,  and  the  cylindrical  surfaces  were  covered  with  an 
elastomeric  film  to  minimize  the  cavitation-induced  contribution  to 
particulate  generation  from  these  rough  surfaces.  The  experiments  were 
not  entirely  successful  in  that  the  elastomeric  film  was  observed  to 
expand  and  separate  away  from  the  surface  with  each  successive  exposure 
to  the  ultrasonic  environment.  Particulate  generation,  in  this 
instance,  was  monitored  by  light  scattering  from  the  particles  which 
were  suspended  in  the  ultrasonic  bath  that  consisted  of  PCA  Freon. 
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(This  liquid  was  filtered  for  particulates  greater  than  0.2ym  prior  to 
exposing  the  samples  to  this  medium.)  When  ultrasonic  cleaning  was 
performed  on  these  samples  with  a  higher  energy.  Heat  Systems,  Inc. 
unit,  it  appeared  that  the  -lOym  composite  produced  more  particles,  as 
indicated  by  light  scattering,  than  did  the  +  30ym  conposite.  In  each 
case  the  amount  of  particulate  generation  was  observed  to  decrease  with 
each  successive  exposure.  However,  the  amount  of  particulate  production 
always  remained  at  a  finite  level  and  was  never  observed  to  drop  to  a 
near-zero  value.  The  particles  were  generally  small  but  in  some  cases 
were  as  large  as  about  lOOym.  The  particles  were  subsequently  collected 
on  a  filter  and  examined  using  energy  dispersive  x-ray  analysis  on  the 
SHM.  It  was  surprising  to  find  that  only  an  extremely  small  minority  of 
the  particles  were  TiBj.  An  equally  small  minority  appeared  to  be 
beryllium  (which  could  not  be  identified  using  this  SB4./EDAX  technique) 
Most  of  the  other  particles  contained  constituents  such  as  Fe,  Ti,  and 
Si.  Their  origin  cannot  be  explained.  However,  a  tentative  conclusion 
can,  perhaps,  be  reached  in  that  the  effect  of  ultrasonic  cleaning  may 
not  be  as  detrimental  to  composite  integrity  as  was  originally  feared. 

4. 3. 3. 2  Near-Net  Shape  Fabrication  of  Gas-Bearing  Parts 

Work  reported  earlier  had  concentrated  on  the  fabrication  of 
solid  composite  parts  shaped  in  the  form  of  a  cylinder  with  a  hole 
running  centrally  along  their  axis.  To  minimize  machining  concerns, 
parts  were  produced  using  a  central  430  stainless  steel  mandrel  around 
which  the  composite  material  was  HIPed.  This  stainless  steel  was 
selected  on  the  basis  of  its  close  thermal  expansion  match  to  beryllium. 
However,  even  though  single-point  tool  machining  of  the  stainless  was 
easier  than  that  of  the  composite  (which,  however,  can  be  ground  with  a 
fair  degree  of  ease)  machining  was  still  quite  difficult  with  the 
stainless  and  a  decision  was  therefore  made  to  use  a  low  carbon  steel  as 
the  inner  mandrel  in  subsequent  experiments. 

Because  of  the  dual  objectives  of  minimizing,  if  not  altogether 
eliminating,  problems  related  to  machining  of  the  composite  parts  and  of 
increasing  the  thermal  expansion  coefficient  of  the  material  to  more 
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closely  match  that  of  beryllium,  an  alternative  approach  was  selected. 
This  consisted  of  fabricating  the  part  essentially  out  of  beryllium  with 
no  more  than  an  0.005  to  0.01  inch  region  of  the  surface  consisting  of 
the  composition  of  the  composite.  This  was  expected  to  assure  a  high 
expansion  coefficient  (extremely  close  to  beryllium)  for  the  fabricated 
part  as  well  as  result  in  parts  that  could  be  produced  with  less  severe 
machining  constraints. 


4. 3. 3. 3  Beryllium  Gas-Bearing  Part  Fabrication  with  Thin-Coating  of 
Composite  on  Wear  Surfaces 

The  part  for  the  chosen  gas  bearing  was  an  approximately  1/2-inch 
diameter  beryllium  cylinder,  1/2-inch  high  with  a  1/4-inch  hole  at  the 
axis  of  the  cylinder.  The  two  flat  surfaces  of  the  cylinder  and  the 
internal  surface  of  the  hole  constituted  the  wear  surface  and  therefore 
had  to  be  protected  with  a  low-friction  wear-resistant  coating  such  as 
that  consisting  of  the  TiB2~composites.  It  was  decided  to  put  on  such  a 
coating  by  means  of  HIPing  and  for  the  first  trial  run  the  thickness  of 
the  coating  was  chosen  to  be  roughly  0.010  inch. 

Since  HIPing  would  not  significantly  change  the  dimension  of  a 
solid  piece  of  beryllium,  a  beryllium  cylinder  was  machined  such  that 
the  height  was  0.020-inch  smaller  and  the  ID  0.025-inch  larger  than  the 
desired  finished  dimensions.  Under  high  pressure  and  at  the  elevated 
temperature  used  in  the  HIP  technique  sufficiently  thick  coatings  of  the 
composite  were  diffusion  bonded  to  the  flat  surfaces  as  well  as  the 
internal  diameter  (ID)  of  the  cylinder.  The  low  carbon  steel  HIP 
cannister  had  a  1/16-inch  wall  and  an  ID  which  gave  a  snug  fit  to  the 
beryllium  cylinder.  A  1/8-inch  deep  hole  at  the  center  of  the  flat  5/8- 
inch  bottom  of  the  HIP  cannister  allowed  accurate  positioning  of  a 
cylindrical  mandrel  concentric  with  the  beryllium  cylinder.  The 
cylindrical  mandrel  of  carbon  steel  was  approximately  0.010-inch  smaller 
than  that  of  the  finished  rotor.  Two  special  cylindrical  tamping  tools 
were  machined,  both  of  which  were  longer  than  the  HIP  cannister  and  had 
a  hole  drilled  in  the  center  to  fit  for  free  movement  around  the 
mandrel.  The  larger  one  had  an  OD  to  fit  the  ID  of  the  HIP  cannister. 


and  the  smaller  one  fitted  inside  the  ID  of  the  beryllium  cylinder.  The 
fits  were  such  that  they  provided  free  movement  of  the  tamping  tools. 

The  loading  of  the  HIP  assembly  was  performed  in  the  following  manner. 

The  mandrel  was  first  positioned  in  the  cannister  and  a 
calculated  amount  of  premixed  composite  powder  (Be  and  TiB2)  was  poured 
around  the  mandrel.  The  powder  was  leveled  and  packed  densely  using  the 
large  tamping  tool.  Next  the  beryllium  cylinder  was  placed  on  the 
packed  powder.  The  annular  space  between  the  beryllium  and  the  mandrel 
was  then  fitted  and  tightly  packed  with  the  powder  mixture  using  the 
smaller  tamping  tool.  To  assure  a  fill  without  voids,  only  small 
amounts  of  powder  were  used  at  a  time  and  the  process  repeated  many 
times  until  the  space  was  completely  filled  with  a  high  packing  density. 
Next,  another  calculated  amount  of  the  powder  was  poured  on  top  of  the 
beryllium  cylinder  and  tamped  down  with  the  larger  tool.  A  1/8-inch 
carbon  steel  disk  of  the  same  OD  and  ID  as  that  of  the  beryllium 
cylinder  was  placed  on  top  of  the  composite  powder.  The  length  of  the 
mandrel  was  designed  such  that  its  top  was  nearly  flush  with  the  upper 
surface  of  the  steel  disk.  Following  the  loading  of  the  assembly, 
standard  procedures  were  used  to  attach  a  proper  pump  out  tube  of  cold 
rolled  steel  by  welding.  The  assembly  was  subsequently  evacuated,  baked 

out,  and  the  pump  out  tube  pinched,  following  which  it  was  HIPed  at 

2 

1050°C  for  two  hours  under  an  Argon  presure  of  30  lb, /in.  . 
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